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Groundwater resources are under stress in many regions of the world and the 
future water supply for many populations, particularly in the driest places on 
Earth, is threatened. Future climatic conditions and population growth are 
expected to intensify the problem. Understanding the factors that control 
groundwater storage variation is crucial to mitigate its adverse consequences. In 
this work, we apply satellite-based measurements of ground deformation over 
the Tertiary detritic aquifer of Madrid (TDAM), Central Spain, to infer the spatio-
temporal evolution of water levels and estimate groundwater storage variations. 
Specifically, we use Persistent Scatterer Interferometry (PSI) data during the 
period 1992-2010 and piezometric time series on 19 well sites covering the 
period 1997-2010 to build groundwater level maps and quantify groundwater 
storage variations. Our results reveal that groundwater storage loss occurred in 
two different periods, 1992-1999 and 2005-2010 and was mainly concentrated in a 
region of ~200 km2. The presence of more compressible materials in that region 
combined with a long continuous water extraction can explain this volumetric 
deficit. This study illustrates how the combination of PSI and piezometric data 
can be used to detect small aquifers affected by groundwater storage loss 
helping to improve their sustainable management. 
 
1. Introduction 
Groundwater is a very precious resource that represents almost 99% of all liquid 
freshwater on Earth and is a fundamental source for industrial, agricultural and 
domestic water supply in many regions of the world (Alley et al., 2002; Zektser & 
Everett, 2004). Groundwater represents the main source of water for many populations 
and its use increases during drought periods. This contributes to generate a great 
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stress on aquifer-systems that can lead to a loss of groundwater storage when 
equilibrium between withdrawals and recharge is unattainable (Döll et al., 2012; 
Famiglietti, 2014). A recent study using satellite measurements of Earth’s gravity 
shows that a third of big groundwater basins are in distress threatening regional water 
security and resilience (Richey et al., 2015a). This problem will be exacerbated by 
climate change and rapid population growth particularly in densely populated areas in 
arid and semi-arid environments (Döll, 2009; European Union, 2016; Famiglietti, 2014; 
Ferrant et al., 2014; Taylor, 2014; Wada & Bierkens, 2014). Hence monitoring the 
evolution of piezometric levels and quantifying groundwater storage variations is 
essential for identifying vulnerable areas experiencing groundwater storage loss and 
achieving sustainable water management of aquifers, especially in arid areas prone to 
droughts.  
 
Estimates of piezometric levels are generally based on networks of wells monitoring 
water level variations (Fasbender et al., 2008; McGuire et al., 2003). Unfortunately, in 
many regions around the world, groundwater levels are poorly monitored due to the 
high cost of piezometers and, thus, information regarding the spatio-temporal evolution 
of groundwater resources is extremely limited and shows a wide dispersion (Shah et 
al., 2000).  
 
Groundwater storage can be estimated by combining measurements of changes in 
groundwater levels over time and area with estimates of storativity (Davis, 1982; 
McGuire, 2003). These studies are generally based on punctual measurements, 
leading to a high uncertainty in the estimated groundwater storage (Famiglietti, 2014; 
Richey et al., 2015b). Recently, studies based on satellite measurements of gravity 
changes over time have greatly improved the monitoring of groundwater level changes 
and storage variations (Forootan et al., 2014; Famiglietti et al., 2011; Feng et al., 2013; 
Jiao, Zhang & Wang 2015; Richey et al., 2015a; Tangdamrongsub et al., 2016; Voss et 
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al., 2013), helping to identify large areas where groundwater depletion is occurring and 
quantify the loss of groundwater storage. These studies are very useful to detect large-
scale groundwater storage variations, but lack the spatial resolution to characterize and 
monitor small-scale water loss. Satellite-based methods to measure terrain 
deformation, specifically Differential Interferometric Synthetic Aperture Radar (DInSAR) 
and Persistent Scatterer Interferometry (PSI) techniques, have been successfully used 
to detect and monitor aquifer-related deformation (e.g., Colesanti et al., 2003; Lanari et 
al. 2004; Schmidt & Burgmann, 2003), estimate aquifer hydraulic properties (e.g., 
Hoffmann et al., 2001; Tomás et al. 2009; Ezquerro et al., 2014) and model hydraulic 
head at well locations (e.g., Reeves et al., 2014, Chen et al. 2016). Finally, the 
potential of InSAR and PSI techniques to predict water level changes at basin scale 
has been evaluated, with promising results (e.g., Chaussard et al. 2014, Chen et al. 
2016, Castellazzi et al. 2016). 
 
The situation of groundwater reserves in Spain, which is the most arid country in 
Europe, is largely unknown because the number of private extraction wells remains 
uncertain, and thus the pumped volumes are not known (Hernández-Mora et al. 2007, 
Llamas & Garrido, 2007; WWF/Adena 2006). The Tertiary detritic aquifer of Madrid 
(TDAM), in central Spain (Fig. 1) is of strategic importance because it provides water to 
Madrid, the most populated city of Spain (3.2 million inhabitants in the metropolitan 
area), during drought periods. Numerical models for the entire aquifer suggest that 
piezometric levels tend to decline due to groundwater extraction, even when simulated 
scenarios include recovery periods (Iglesias-Martín et al., 2005; Martínez-Santos et al., 
2010). These regional studies could be uncertain since they are based on discrete 
water level measurements obtained in wells and piezometers. In this study, we reduce 
this hydrogeological uncertainty taking advantage of the spatial coverage of PSI data to 
map in detail the evolution of groundwater level and groundwater storage in two 




This paper is organized as follows. In section 2, we give an overview of the Tertiary 
detritic aquifer of Madrid, including its main characteristics and deformation behaviour 
according to previous studies. In sections 3 and 4, we summarize the PSI and 
piezometric data and we describe the methodological approach. In section 5, we show 
the main results regarding the stress-strain analyses at 19 wells, the predicted 
groundwater levels and the groundwater storage variations. Finally, the potential 
factors controlling the observed groundwater loss and the implications of our results for 
the management of water extractions during future droughts in the TDAM are 
discussed. 
 
FIGURE 1 LOCATION 
 
2. The Tertiary detritic aquifer of Madrid 
The TDAM is located in the northwest part of the Madrid basin (Fig. 1a), a tectonically 
controlled, triangular shape basin of ~6000 km2 area, which is filled with materials 
deposited in continental environments from Late Cretaceous to Upper Miocene (IGME 
2000). The detritic facies of these deposits define the TDAM. The basin is bounded by 
the Toledo Mountains to the south, the Altomira Range to the southeast and the 
Central System Range to the northwest. The region is crossed by several large rivers 
such as the Guadarrama, the Manzanares and the Jarama rivers (Fig. 1a). 
 
The TDAM is a heterogeneous and anisotropic aquifer system with elevation between 
650 to 800 meters above sea level (Hernández-García & Custodio, 2004; Yélamos & 
Villarroya, 2007; Martínez-Santos et al., 2010). The aquifer system, with a thickness of 
more than 3 km and a multilayer structure, is formed by a series of metric sand lenses 
embedded in a low-permeability clay matrix. The coarse fraction mainly consists of 
arkosic sand and the fine fraction is a mixture of smectite, illite and a low percentage of 
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kaolinite (IGME, 2000; IGME, 1989). Those deposits are the result of the erosion of the 
mountain range to the northwest and show a spatially variable percentage of the fine 
fraction along the study area (Fig. 1c), with a clear increasing trend from northeast 
(25%) to southwest (68%). Total groundwater stored in the TDAM is at least 20,000 
Million Cubic Meters (MCM) (Llamas, Villarroya & Hernández-García, 1996). 
 
A network of 70 wells created in 1970, with a capacity between 60 and 80 MCM/year, 
provides water to the city during drought periods. In this study we focus on two 
extraction areas located in the north-northwest of Madrid City, herein referred to as the 
northern and southern extraction fields that cover an area of 500 km2 (Fig. 1b). 
Groundwater extraction wells in these areas (white dots in Fig. 1a,b) present average 
depths between 300 and 700 m below the ground surface, which has an average 
elevation of ~700 m above sea level in these areas (Fig. 1a). From 1991 to 2011, these 
well fields experienced five cycles of groundwater extraction and recovery, coinciding 
with two drought periods: the 1991-1995 and 2004-2006 droughts (Ministerio de Medio 
Ambiente, 2007). In the southern extraction field there are also numerous shallower 
wells less than 300 m depth, which are mainly exploited by private individuals. 
 
Land deformation associated to groundwater level changes in the TDAM has been 
reported in previous works. Ezquerro et al. (2014) combined PSI-derived deformation 
time series (from ERS and ENVISAT data) with piezometric data from 18 wells to 
characterize the deformational behaviour of the TDAM. These authors concluded that 
the aquifer system behaves almost elastically through cycles of groundwater pumping 
and recovery, and ground uplift during recovery periods almost cancels out the land 
subsidence measured during previous extraction periods. Using the same PSI and 
piezometric dataset plus piezometric time series from one additional well, Béjar-Pizarro 
et al. (2015) evaluated the potential of PSI data to infer the spatio-temporal evolution of 
piezometric levels in the TDAM and concluded that the relationship between ground 
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deformation and water level was very stable among the wells sites and could be 
modelled using an average Ske of all wells. In this study, we use the same dataset that 
Béjar-Pizarro et al. (2015) to go beyond previous studies by 1) modelling groundwater 
levels over the entire extraction fields and 2) mapping groundwater storage changes to 
identify regions affected by storage loss.  
 
3. Data 
3.1 PSI data 
PSI data used in this work are from Ezquerro et al. (2014). They consist of 50 ERS 
satellite SAR images in a descending track mode between 1992 and 2000 and 31 
ENVISAT satellite SAR images in an ascending track mode acquired between 2003 
and 2010. Using the PSP-IFSAR technique (Costantini et al. 2008) the deformation 
time series in the satellite line-of-sight direction were estimated for each Persistent 
Scatterer (PS). Deformation time series estimated from ERS data are relative to date 
19/04/1992 and deformation measurements from ENVISAT data are relative to date 
05/08/2003. See Ezquerro et al. (2014) for more details about the PSI processing.  
 
PSI-derived maps show deformation concentrated around the extraction fields, with 
most of the deformation distributed within a 6-km radius from the wells (Fig. 2). In the 
central region of the deformation maps there is a lack of PSI data due to the presence 
of a densely vegetated area, which produces the loss of signal by decorrelation. 
Ground displacement ranges between 8.4 cm (movement away from the satellite) 
during extraction period 5 (26 April 2005 - 3 October 2006) and 8.44 cm (movement 
towards the satellite) during recovery period 5 (3 October 2006 - 7 September 2010). 
PSI deformation measurements are in the satellite line-of-sight direction, which is 23º 
from the vertical. Since we only have one acquisition mode (ascending or descending) 
for each dataset, we could not estimate horizontal and vertical components of the 
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deformation field. We assume that the main contribution to the displacement field is 
from vertical deformation, which is reasonable considering that the velocity gradient 
measured in the border of the subsiding area is low (~7 mm/yr over 2 km) and thus we 
do not expect to have significant horizontal deformation. 
 
Figures 2c and 2d shows deformation time series (black lines) over well FE-1R, located 
in the northern extraction field, and over well MJ-1, located in the southern extraction 
field. We observe ground subsidence followed by uplift during the consecutive periods 
of water extraction and recovery. Note that there is a discontinuity in the deformation 
time series between ERS and ENVISAT periods (represented by two grey horizontal 
bars in Fig. 2 c,d) and thus the period 2000 to 2003 is not covered by PSI data.  
 
FIGURE 2 LOCATION 
 
3.2 Piezometric data  
The piezometric data consist of groundwater level time series with monthly sampling at 
19 well sites covering the period 1997-2010. 18 wells are located in the northern 
extraction field (Ezquerro et al., 2014) and only well MJ-1 is located in the southern 
extraction field (Fig. 1b). Figure 2 c,d shows piezometric time series for wells FE-1R 
and MJ-1, respectively (blue lines). Piezometric data cover three complete cycles of 
groundwater extraction and recovery, which are delimited by the vertical dashed lines 
in Figure 2 c,d. Groundwater level changes of more than 100 m are observed during 
some extractions periods (e.g. extraction 5 in well FE-1R, Fig. 2c)  
 
4. Methodology 
4.1 Estimation of the elastic coefficient of storage (Ske) 
Recharge and withdrawal of groundwater in a confined aquifer produce changes in the 
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thickness of the aquifer that are directly related to ground deformation. The 
deformation of the aquifer-system can be inelastic (partially recoverable) or elastic 
(totally recoverable) depending on whether or not the applied stresses are beyond its 
previous maximum level (preconsolidation stress threshold). To investigate how the 
TDAM behaves during the period 1997-2010 we studied the relationship between 
ground deformation and groundwater level evolution on 19 well sites (Fig. 1b). Using 
the graphical methodology proposed by Riley (1969), we determined the stress-strain 
relationship at well locations comparing water levels and PSI-derived ground 
displacements. Since deformation data are separated in two temporal periods (ERS 
and ENVISAT periods), we analyse the stress-strain trajectories independently for the 
two periods. To obtain the elastic coefficient of storage due to expansion and 
compression of the matrix of the aquifer system Ske, we estimate the inverse slope of 
the stress-displacement data trend line (Riley, 1969; Riley, 1984). For each well site, 
we analyse independently each period and then we estimate the average value. Note 
that this analysis is different to that performed by Ezquerro et al. (2014), that only 
considered the 1997-2000 period, and to the study of Béjar-Pizarro et al. (2015), that 
analysed jointly the two periods. Here we estimate the Ske by analysing separately the 
stress-strain trajectories for each period, in order to evaluate the stability of the Ske 
value and detect changes in the behaviour of the aquifer. 
 
4.2 PSI based groundwater level maps 
First maps of relative groundwater level were created: for that, deformation maps for 
each SAR date were converted to groundwater level maps by applying the average Ske 
to each PSI observation. To transform them into piezometric maps relative 
groundwater level must be combined with a reference piezometric map. The reference 
piezometric map was built compiling all the available groundwater measurements in 
extraction wells and piezometers in the region for the date May 1st 2008. We considerer 
that piezometric levels remained unchanged between the date of this reference map 
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and the closest SAR date (July 29th 2008). This assumption is based on the fact that 
there are only three months between the two datasets used for the map generation and 
they are located within a period of stability in the aquifer. Note that using this map as a 
reference, only piezometric maps for the ENVISAT period (2003-2011) can be 
produced, since the gap between ERS and ENVISAT data (2000-2003) does not allow 
to reference groundwater level maps during the ERS period (1992 – 2000). 
To produce continuous piezometric maps, groundwater level estimations in regions 
without PSI data were interpolated using geostatistical techniques (see section 4.3). 
Groundwater maps were previously resampled to reduce the high density of data (105 
in a 40x40 km region) to ~ 5000 points. 
The analysis has been carried out only within a 6-km distance from the wells. This 
distance corresponds to the influence area of ground deformation around the well fields 
deduced by Ezquerro et al. (2014) and the extent of pumping effects around the 
northern extraction field observed by Yélamos & Villarroya (1991). 
 
4.3 Interpolation of groundwater level maps 
To interpolate groundwater level estimations in regions where PSI data could not be 
retrieved due to decorrelation, we use the ordinary kriging method (Isaaks & 
Srivastava, 1989). Kriging has been recommended as the best method to interpolate 
point data since it minimizes the error variance using a weighted linear combination of 
the data (Goovaerts, 1997). This geostatistical tool is based on the variogram function 
to characterize the spatial variation of the variable to be interpolated. The analysis was 
carried out with the Stanford Geostatistical Modeling Software (SGeMS) package 
(Remy, Boucher & Wu, 2009). 
The original high density groundwater level maps were subsampled to 5000 points to 
compute the directional variograms and identify potential anisotropy in the data. The 




4.4 Groundwater storage variation (∆V) 
Groundwater volumetric changes for a period can be estimated by subtracting the 
groundwater surfaces at the beginning and end of the period. This can be used in 
conjunction with the coefficient of storage or Storativity (S) to obtain the groundwater 
storage variation (∆V), i.e. the difference between aquifer-system storage at the 
beginning and end of the studied period. In a confined aquifer, (∆V) can be estimated 
as (Davis, 1982): 
∆ =  × ∆ ×  = 	 × ∆ × 	 × 
    (1) 
where A is the surface area of the aquifer-system (m2); ∆H is the difference between 
the water levels (m), b is the aquifer thickness (m) and S
s 
is the aquifer-system specific 
storage (m-1). 
To estimate groundwater storage variations in the aquifer, the value of the aquifer 
coefficient of storage (S) was first calculated. S is defined as the volume of water 
released per unit area from a layer of thickness b due to a unit decline in the 
piezometric surface (Todd, 1980). 
In a confined aquifer-system, water is derived both from reduction of pore space 
(resulting in compaction of the system) and expansion of the pore water as the pore 
pressure declines. The aquifer-system coefficient of storage S includes the two terms, 
the compressibility of the matrix of the aquifer-system and the water compressibility: 
 = 	 	× 	
 = 	  + 	 ×		 	× 	 	× 		 × 	
	= ( + )	× 	
 =  +  	× 	
  
 (2) 
where β p is the oedometric compressibility of the matrix (m2/N); β w is the volumetric 
compressibility of water (4.8 x 10-10 m2/N); ρ
w
 is the water density (1000 Kg/m3); g is the 
acceleration of gravity on the surface of Earth (9.81 m/s2); n is the porosity of the 
aquifer, and ranges from 1% to 20% (Rodríguez, 2000); Ssw is the specific storage due 
to expansion or contraction of the water (m-1) and S
sk is the specific storage due to 
expansion or contraction of the matrix (m-1). The different deformation behaviour of the 
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soil to stress induced by the hydraulic head variations is described using two different 
specific storage due to matrix, inelastic, S
skv, and elastic, Sske (Galloway, 1998; Sneed & 
Galloway, 2000).  
Finally, ∆V was estimated during each cycle of groundwater extraction and recovery 
using the estimated coefficient of storage S and the groundwater level maps 
corresponding to the dates limiting each cycle, considering both, ERS and ENVISAT 
periods, by means of eq. (1).  
 
5. Results  
5.1 Stress-strain analyses 
Figure 3 shows the stress-strain relationship at 4 well locations. Groundwater level 
variations represent the induced stresses and the ground displacements represent the 
vertical deformation of the aquifer system. The hysteresis loops obtained for all the 
wells represent the elastic stress/strain behaviour resulting from groundwater level 
variations that do not drop below the preconsolidation stress threshold (Riley, 1984; 
Sneed & Galloway, 2000). These trajectories, characteristic of elastic and recoverable 
deformation (Riley, 1984), indicate that during the period 1997-2010 the TDAM 
behaves elastically. Note that during the period 1992-1997 only deformation data are 
available and thus the stress-strain analysis cannot be performed (Figs. 2 c,d). 
Therefore, the elastic behaviour of the TDAM deduced from our stress-strain analysis 
is only observed during the 1997-2010 period.  
 
FIGURE 3 LOCATION 
 
The stress-strain trajectories for each period are very similar in most of the wells (Fig. 3 
and Appendix A). The Ske values of each well site, obtained by averaging the slope of 
the trend line for the ERS and ENVISAT period (grey and black trajectories in Figure 3) 
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are shown in Table 1. For the northern extraction field, Ske values vary from 2.29 x 10
-4
 
at well CB-5 to 6.84 x 10-4 at well CB-15 (Table 1). The only well site at the southern 
extraction field where Ske could be estimated, MJ-1 (Fig. 1b) presented a Ske of 4.02 x 
10-4, which is also within the range of Ske values in the northern extraction field, 
suggesting that there is not a significant difference between both well fields in terms of 
the Ske value. Retrieved values are very similar to those estimated by Béjar-Pizarro et 
al. (2015) analysing the same time interval, and by Ezquerro et al. (2014) for a shorter 
time interval. This suggests that the Ske values are quite stable and independent of the 
considered time interval, provided that the aquifer-system is not stressed beyond its 
preconsolidation stress threshold.  
 
Table 1 | Elastic storage coefficient (Ske) estimated for the 19 well sites in this study. The root 
mean square (rms) and average difference between modelled and observed hydraulic head at 
each well location are shown for two groups of models: 1) Hydraulic heads estimated using the 
Ske of each well and 2) Hydraulic heads estimated using the average Ske (computed from all 19 
wells labelled in Fig. 1b). Percentage errors are estimated by comparing average errors with the 
maximum measured groundwater level variations for every well. Observed and modelled 
hydraulic heads are shown in Fig. 4. 
 
      Models using well Ske   Models using average Ske 
Well 









CA-3 4.02E-04 29.5 19.7 12 30.4 19.8 12 
CA-4 3.62E-04 25.3 18.6 13 27.2 18.7 14 
CA-5 3.47E-04 21.9 16.6 11 25.0 18.5 13 
CB-4 3.56E-04 33.8 24.7 15 36.2 24.8 16 
CB-5 2.29E-04 41.6 32.6 18 52.1 36.1 19 
CB-6 2.87E-04 51.1 31.9 16 56.6 30.3 15 
CB-9 3.00E-04 46.8 37.4 22 53.1 41.7 24 
CB-11 3.42E-04 21.8 15.8 11 26.4 19.1 13 
CB-12 4.67E-04 20.9 14.5 11 20.8 15.6 11 
CB-13 4.52E-04 20.7 15.5 12 20.6 15.7 12 
CB-14 4.27E-04 21.6 14.9 12 21.6 14.9 12 
CB-15 6.84E-04 19.3 15.4 12 37.2 29.7 23 
FA-1 5.89E-04 27.3 18.3 16 30.2 23.0 20 
FA-3 5.14E-04 22.8 16.8 12 23.1 16.7 11 
FC-2 5.09E-04 36.7 33.3 25 44.8 40.4 30 
FX-4 5.27E-04 24.5 18.4 13 26.7 21.7 15 
G-I 3.15E-04 26.3 19.7 12 33.6 24.1 15 
FE-1R 5.04E-04 18.3 13.4 10 20.8 14.3 10 
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MJ-1 4.02E-04 29.3 24.6 21 28.1 23.3 20 
Average 4.22E-04 28.4 21.2 14 32.3 23.6 16 
 
 
5.2 Groundwater level estimation 
The obtained Ske values were used to predict groundwater levels at specific well 
locations during the SAR acquisitions time period and compared against measured 
groundwater levels. The observed and modelled groundwater levels show a good 
match, with the Pearson correlation coefficients varying between 0.65 and 0.92. To 
evaluate the effect of using a constant Ske value for the entire study region, models 
were elaborated using also the average Ske value for all wells (4.22 x 10-4). The 
comparison of estimated and measured groundwater levels at different wells is shown 
in Figure 4. The average error between observations and these models, estimated as a 
percentage of the total water level change during the study period (Ezquerro et al. 
2014), is very similar: 14% for models using the Ske of each well and 16% for models 
using the average Ske for all wells (Table 1). This result suggests that an average Ske 
can be used to estimate piezometric level variations in all the points where ground 
deformation has been measured by PSI, permitting the elaboration of piezometric level 
maps for the different extraction/recovery cycles. 
 
FIGURE 4 LOCATION 
 
Groundwater levels were estimated in all the PSI data points by applying the average 
Ske to each PSI observation. After applying the ordinary kriging method to interpolate 
groundwater level values in the regions not covered by PSI data (Appendix B) maps of 
relative groundwater level were obtained for each SAR date.   
 
Figure 5 shows the contours of groundwater level in the TDAM obtained for the dates 
that limit the different cycles of groundwater extraction and recovery within the 2003-
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2011 period. The reference piezometric map is also shown (Fig. 5d). This map 
indicates that groundwater system recharge comes from watersheds precipitation. This 
is not in contradiction with the behaviour of the deep confined aquifer system: 
infiltration in recharge areas reaches the water table through a thick unsaturated 
zone with low vertical permeability (Martínez-Santos et al., 2010). From these 
areas water flows into the valleys where the aquifer discharges along the rivers and the 
quaternary alluvial. All maps show minimum groundwater levels around both wells 
fields, which clearly control the groundwater level in the aquifer during the study period. 
To the south of the southern extraction field there is a region of higher piezometric 
levels which is already present in the reference piezometric map (Fig 5d) and can be 
attributed to the lack of pumping wells in that region.  
 
FIGURE 5 LOCATION 
Water levels vary between 400 and 700 m a.s.l, with lower levels located in the map 
dated October 3rd 2006 (Fig. 5c), which corresponds to the end of the extraction phase 
5 and coincides with the end of the severe drought that affected Spain in 2006. The 
higher levels of groundwater are registered in the map of November 1st 2005 (Fig. 5b), 
which corresponds to the end of recovery period 4. 
 
Piezometric maps were validated with hydraulic heads measured at the 19 well sites 
(Table 2). The average error among the 19 well sites varies between 2.5 m (2% error) 
in the May 1st 2008 map and 28.7 m (20% error) in the September 7th 2010 map.  
 
Table 2 | Average error (in m) between observed and modelled groundwater level at each well 
location for the groundwater contour maps in Fig. 5. Percentage errors estimated by comparing 




Dates 20030805 20050111 20061003 20080501 20100907 
Well Err (m) Err (%) Err (m) Err (%) Err (m) Err (%) Err (m) Err (%) Err (m) Err (%) 
CA-3 -7.9 5 19.3 12 -1.9 1 -1.9 1 25.4 15 
CA-4 -2.8 2 27.5 19 17.6 12 -3 2 34.9 24 
CA-5 -5.4 4 25.4 17 28.4 19 0.8 1 35.4 24 
CB-4 -26.9 16 20.3 12 3.9 2 1 1 31 19 
CB-5 15.9 9 23.1 12 92.1 49 -1 1 24.9 13 
CB-6 15.2 7 29.3 14 23.9 11 1.7 1 14.7 7 
CB-9 -17.6 10 23 13 4.4 3 -2.8 2 32.1 19 
CB-11 -1.4 1 21.4 15 18.3 13 4.1 3 37.5 26 
CB-12 -16.2 11 20.2 14 -13 9 -0.7 1 11.7 8 
CB-13 -13.8 10 6.7 5 -15.6 12 -6.2 5 4.9 4 
CB-14 -8.1 6 26.4 21 -9.9 8 2.6 2 5.3 4 
CB-15 0 0 25.6 19 -14.3 11 1.1 1 9.7 7 
FA-1 -17.7 15 28.7 24 -25 21 -0.1 0 55.8 46 
FA-3 -14.3 10 6.9 5 1.8 1 -2 1 47.3 32 
FC-2 -21.1 16 8.1 6 -9.4 7 -1.9 1 31.2 23 
FX-4 -3.9 3 30.5 20 5.4 3 0.8 1 40.9 26 
G-I 0.7 0 27.5 17 51.7 31 5 3 36.7 22 
FE-1R -3.9 3 23.2 16 13.6 10 1.1 1 40.3 29 
MJ-1 16.1 13 30.7 25 21.6 18 10.3 9 26 22 
Av_Error 11 7 22.3 15 19.6 13 2.5 2 28.7 20 
 
 
5.3 Groundwater storage variation (∆V)  
We estimated ∆V by using the estimated groundwater level maps and equation (1). 
First, the aquifer coefficient of storage (S) was estimated using equation (2). In the 
case of the TDAM, where aquifer-system layers are mainly composed of coarse-
grained deposits and exhibit a clear elastic behaviour, the inelastic component is 
assumed to be negligible for the period 1997-2010 and then S
sk = Sske and Sk = Ske. 
A value of 154 m was estimated for the aquifer thickness (b) by averaging the 
thickness of aquifer layers in the well sites where lithological data were available. The 
aquifer-system storage coefficient S was calculated using the average Ske and the Ssw 
values obtained for three different porosity values (Rodriguez, 2000), resulting in 4.29 x 
10-4, 4.92 x 10-4 and 5.63 x 10-4 for 1%,10% and  20% porosity, respectively. These 
values are consistent with coefficients of storage derived from pumping tests, that 
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range between 10-3 and 10-4 (Canal de Isabel II Gestion, 2014).  
 
Then, ∆V was estimated during each period of water extraction and recovery using the 
groundwater level maps corresponding to the dates that limit each cycle, considering 
both, ERS and ENVISAT periods. Based on the stress-strain analysis for the period 
1997-2010 we assume an elastic behaviour of the aquifer system to estimate ∆V 
changes along the complete period cover by PSI data, including the 1992-1997 
interval. Note that we could not characterize the elastic/inelastic behaviour of the 
aquifer system during this period because piezometric data were not available until 
1997. In this period, a greater nonrecoverable deformation seemed to affect the TDAM 
(Ezquerro et al. 2014) and thus the assumption of an elastic behaviour could be 
incorrect. Considering that deformation during 1992-1997 could be dominated by the 
inelastic component of deformation, and taking into account that the inelastic 
coefficient of storage is always higher than the elastic coefficient of storage (Ireland et 
al. 1984), groundwater storage estimations for the 1992-1997 period represent a 
maximum value. In fact, note that for a given deformation, the groundwater level drop 
necessary to trigger it will be higher if there is an elastic response than an inelastic 
one. 
 
Table 3 shows the volumetric changes in the groundwater for each extraction/ recovery 
cycle using three values of porosity (1%, 10% and 20%). The groundwater storage 
between consecutive cycles completely covered by our PSI data (i.e. Ext1-Rec1, Ext2-
Rec2 and Ext5-Rec5, Fig. 2 c,d) was compared to evaluate if groundwater variations 
are compensated at the end of each extraction/recovery cycle. The difference is 
negative in all cases, indicating that groundwater depletion during extraction cycles is 
not completely compensated during the recovery phase causing a groundwater storage 




Table 3 | Groundwater storage variation in Million Cubic Meters (MCM) estimated for each 
extraction / recovery cycle in the area shown in Fig. 6 (545 km2). * indicates maximum value. 
Negative differences between consecutive extraction / recovery phases indicate a groundwater 
loss during the complete cycle. Question marks indicate that groundwater variation within the 
cycle could not be estimated because the cycle was not completely covered by PSI data. 
Volumes have been estimated using three porosity values (1%, 10% and 20% porosity). 
  cycle Ext1 Rec1 Ext2 Rec2 Ext3 Rec3 Rec4 Ext5 Rec5 
porosity 1% volume (MCM) -6.8* 0.6* -6.8* 5.5* -11.4 1.6 6.9 -17.0 12.8 
difference (MCM) -6.3* -1.3* ? ? -4.2 
porosity 10% volume (MCM) -7.8* 0.6* -7.8* 6.3* -13.1 1.8 8.0 -19.5 14.6 
difference (MCM) -7.2* -1.5* ? ? -4.8 
porosity 20% volume (MCM) -9.0* 0.7* -8.9* 7.2* -15.0 2.1 9.1 -22.3 16.7 
difference (MCM) -8.2* -1.8* ? ? -5.5 
 
 
 FIGURE 6 LOCATION 
 
Maps of groundwater storage variation permit to visually identify regions where the loss 
and recovery of groundwater occurs in each period. Figures 6a and 6b depict maps of 
groundwater storage variation for extraction period 5 and recovery period 5. The 
greatest volume variation occurs around the extraction fields, with a similar pattern but 
different magnitude in each period. To detect regions with groundwater storage loss, 
we compare groundwater storage maps corresponding to the beginning of water 
extraction with maps corresponding to the end of recovery. We consider the longest 
time interval covered by PSI data and spanning complete consecutive cycles of water 
extraction and recovery. Cycles not completely covered by PSI data (i.e. Ext3, Rec3, 
Ext4 and Rec4) are not taken into account. For the ERS period, we estimate the 
groundwater storage difference between the beginning of extraction period 1 and the 
end of recovery period 2 (Fig 7a). The groundwater deficit volume is concentrated in 
the southern extraction field, except for some isolated patches of deficit volume in the 
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northern extraction field (in a region not well covered by PSI data and out of the well 
sites location). For the ENVISAT period, we estimate the groundwater storage different 
between the beginning and the end of cycle 5, which is the only complete cycle (Figure 
7c). The groundwater storage difference is also mainly concentrated in the southern 
extraction field. 
 
FIGURE 7 LOCATION 
 
 The average groundwater storage loss in Figures 7a and 7c is 8.8±1.2MCM and 
4.9±0.7MCM respectively, which is estimated considering the different values of 
porosity (Table 3). Since we have established a direct relationship between ground 
deformation and groundwater level, areas with cumulated subsidence represent areas 
where extracted groundwater is not compensated by recharge during recovery periods 
and thus are prone to suffer a storage loss of the aquifer. Fig. 7b corresponds to 
differential deformation between April 19th 1992 and January 27th 1999 and Fig. 7d 
shows the differential deformation between January 11th 2005 to September 7th 2010. 
While the region of the southern extraction field shows a clear cumulated deformation, 
it seems to be compensated in the northern extraction field during consecutive cycles. 
Comparing these maps of cumulated subsidence with maps of groundwater storage 
deficit for the same period (Fig 7a,c) the same features can be identified in the 
southern extraction field. Contrarily, in the northern extraction field, the groundwater 
storage deficit areas (indicated by letters a,b,c in Fig. 7 a,c) do not correspond to 
deformation areas and can only be explained as artefacts from the interpolation. These 
patterns can also be observed in the deformation time series. In the northern extraction 
field (well site FE-1R) both water level and ground elevation seem to return to their 
original position at the end of recovery periods 2 and 5 (Fig. 2c), whereas in the 
southern extraction field (well site MJ-1) ground does not recover its original elevation 




6. Discussion and conclusions 
In this study we have used 15 years of deformation data over the TDAM  to provide 
spatially continuous measurements of groundwater level and groundwater storage in 
two extractions areas of the aquifer, along several extraction/recovery periods.  
 
Based on our analysis of the stress-strain diagrams on 19 well sites for the period 
1997-2010 we assume an elastic behaviour for the aquifer system. Ground uplift during 
recovery periods compensates most of the ground subsidence measured during 
previous extraction. However, a nonrecoverable component of the deformation is 
observed, especially in the southern extraction field (e.g. deformation time series for 
well site MJ-1 in Fig. 2d). This inelastic response was more intense during the period 
1992-1997 (for which piezometric data are not available) and is probably responsible 
for the groundwater storage deficit measured in this area. In this period, estimations of 
groundwater storage variations assume an elastic behaviour and represent a maximum 
value. 
 
The variation of groundwater storage during the extraction periods ranges between 6.8 
MCM and 17 MCM (8.9 and 9.8 MCM/yr), respectively, and represent 22-31% of the 
maximum annual extraction capacity of these well fields (Canal de Isabel II Gestión, 
2014). The comparison of volumetric changes in the groundwater during consecutive 
extraction/recovery cycles reveals a negative volumetric difference in all cases (Table 
3), indicating a smooth piezometric declining trend. This deficit occurred during two 
different periods, 19/APR/1992-27/JAN/1999 and 11/JAN/2005-07/SEP/2010, 
coinciding with two severe droughts and is mainly concentrated in an area of ~200 km2 
in the southern extraction field (Fig. 7). This region has experienced a high 
urbanization rate in the last decades (Fig. 1c) and is characterized by the existence of 
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multiple private wells exploited by local entities and individuals for water supply, with 
scarce public planning or control (WWF/Adena, 2006). While wells for urban supply 
only operate during drought periods, private wells are extracting groundwater 
continuously due to its lower price (Llamas, 2007). The TDAM in the southern 
extraction field area includes a greater percentage of low-permeability materials 
compared to the northern field (Fig. 1c). The combination of these two factors, a 
sustained groundwater extraction, which is more intense during drought periods, and 
the presence of more compressible materials in the aquifer, could explain the capacity 
loss of the reservoir. Preventing the continuation of this tendency in the southern 
extraction during future droughts probably requires the interruption or reduction of 
groundwater pumping during some periods so that groundwater levels can recover. 
 
One of the main sources of uncertainty of the estimated groundwater storage variations 
comes from the incertitude of the aquifer parameters, such as porosity and thickness of 
aquifer layers that have been taken as an average value. Our results can be updated 
when more precise measurements of the aquifer parameters will be available and this 
would impact the estimated groundwater volumes. These parameters, although 
necessary to quantify the volumetric deficit, are not needed to detect the areas with 
groundwater storage loss, whose detection depends exclusively on the PSI-derived 
deformation (e.g. Figure 7). Other uncertainty source of the estimated groundwater 
storage variations comes from the loss of coherence in the PSI data. Groundwater data 
have been interpolated in areas affected by decorrelation and, consequently, 
groundwater level estimations are less reliable in these regions. The uncertainty in the 
deformation time series results depends on multiple factors regarding the SAR dataset, 
the PSI processing and the characteristics of the targeted deformation (Crosetto et al., 
2015; Hanssen, 2001), However, the errors in our PSI data do not seem significant in 
view of the striking similarity between deformation and observed groundwater levels 
(Fig. 2 c,d). Considering that the average groundwater level variations for the 19 wells 
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over the study period is 146 m and the average root mean square error between real 
and modelled groundwater levels is ~30 m (Table 1), a 80% of the true groundwater 
level variation is recovered by PSI data. 
 
Due to the limited temporal interval covered by our PSI dataset, the transient or 
permanent nature of the deformation that remains at the end of recovery periods 2 and 
5 (and thus the groundwater storage deficit) is unknown. The possibility that the 
groundwater storage loss is recovered after the periods used in the study cannot be 
discarded with our data and thus it should be considered as potentially permanent.  
 
This approach can be applied to other aquifers exhibiting an elastic behaviour. In our 
case, due to the elastic deformational behaviour of the TDAM during the period 1997-
2010, we can assume a unique Ske value that seems to reproduce quite well the 
observed evolution of groundwater level. In other aquifer-systems where this 
assumption cannot be used (Amelung et al., 1999; Boni et al., 2015; Calderhead et al., 
2011) the approach is still valid, but a spatially variable coefficient of storage also 
including the inelastic compressibility of the aquifer-system skeleton should be 
considered instead (Galloway et al. 1998). 
 
There is growing evidence that groundwater resources are decreasing in many regions 
of the world (Famiglietti, 2014; Feng et al., 2013; Shah et al. 2000; Wada & Bierkens; 
2014). While GRACE data are helping identifying big groundwater bodies under stress 
(Richey et al., 2015a), this study illustrates how PSI data can complementary be 
applied to a more local scale to detect groundwater storage loss of small aquifers 
helping to improve their sustainable management in future droughts. The historical 
archive of SAR data suitable for InSAR, acquired since the early 1990s by different 
satellites (Hooper et al., 2012), along with the new Sentinel-1 satellites, with a global 
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coverage and 6 days revisit time, guarantee the availability of InSAR data for virtually 
studying every aquifer on Earth.  
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Appendix A. Estimation of elastic storage coefficient from stress displacement analysis.  
Appendix B. Geostatistical analysis to interpolate groundwater level estimations in 
regions affected by decorrelation. 
Supplementary data associated with this article can be found in the online version.  
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Highlights 
• We map groundwater level and aquifer storage variations using satellite radar 
data. 
• A combination of PSI and groundwater level data is used. 
• The method helps to identify small aquifers affected by groundwater storage 
loss.  
 
 
